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Water nanodroplets confined in zeolite pores
François-Xavier Coudert 
May 1, 2019
We provide a comprehensive depiction of the behaviour of a nanodroplet of 20 water molecules confined in the pores of a series of 3D-connected isostructural zeolites with varying acidity, by means of molecular simulations. Both Grand Canonical Monte Carlo simulations using classical interatomic forcefields and first-principles Car-Parrinello molecular dynamics were used in order to characterise the behaviour of confined water by computing a range of properties, from thermodynamic quantities to electronic properties such as dipole moment, including structural and dynamical information. From the thermodynamic point of view, we have identified the all-silica zeolite as hydrophobic, and the cationic zeolites as hydrophilic; the condensation transition in the first case was demonstrated to be of first order. Furthermore, in-depth analysis of the dynamical and electronic properties of water showed that water in the hydrophobic zeolite behaves as a nanodroplet trying to close its hydrogen bond network onto itself, with a few short-lived dangling OH groups, while water in hydrophilic zeolites "opens up" to form weak hydrogen bonds with the zeolite oxygen atoms. Finally, the dipole moment of confined water is studied and the contributions of water self-polarisation and the zeolite electric field are discussed.
Introduction
Water in zeolites represents a model system for a wide range of experimental as well as theoretical investigations, aimed at understanding the effect of confinement on the structure, [1] dynamics [2, 3] and thermodynamics [4, 5, 6, 7, 8] of molecular fluids. Understanding the behaviour of nano-confined water is also relevant to such important problems as protein stability, [9, 10, 11, 12, 13] transport in ion channels, [14, 15, 16] nano-fluidic devices [17] and the thermodynamics of colloidal assemblies. [18, 19] From a practical point of view, water plays a key role in many applications of zeolites such as ion-exchange and liquid phase separation.
Several computer simulation studies of water in zeolites have been reported in the past few years, using a variety of techniques including energy minimisation (with effective shell model-ionic potentials), [20, 21, 22, 23, 24] Car-Parrinello first-principles Molecular Dynamics (MD), [25, 26, 27, 28, 29] classical MD or Monte Carlo (MC) simulations using conventional two-body or polarisable forcefields. [7, 8, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39] Here we report, for the first time to our knowledge, a comprehensive description of the behaviour of 20 water molecules confined in the pores of a series of 3D-connected isostructural zeolites with varying acidity, by means of both classical Grand Canonical MC simulations and first-principles Car-Parrinello MD simulations. We characterise the behaviour of confined water by a range of properties, from thermodynamic quantities to electronic properties such as dipole moment, including structural and dynamical information.
Methods and systems

Systems studied
To understand the behaviour of water confined in the nanopores of a zeolite and the influence of the cationic content (or acidity) of the zeolite on the properties of water, we have studied three zeolites with the same structure and different Si:Al ratios. The chosen system was the LTA structure type, which displays supercages (also called α cages) of diameter 13Å, connected to one another in a cubic symmetry by 8-ring windows of diameter 6Å, and smaller sodalite cages of diameter 7Å (see Figure 1) . As opposed to previous simulations of 1D water chains confined in zeolitic materials such as Li-ABW, bikitaite, [25, 26] and VPI-5, [27] the medium-size, 3D-connected pores of LTA make it a good candidate for studying the effect of confinement on liquid water condensation in open framework nanoporous materials. Furthermore, the small size of the LTA unit cell (approximately 12Å) makes it a reasonable system for first-principles molecular dynamics simulations.
Synthesis of all-silica zeolites remains an experimental challenge. Although a synthesis of the reportedly all-silica LTA zeolite was published in the 1970's, [40] the proposed procedure (thermal dealumination) is known to result in materials exhibiting nonnegligible concentrations of defects [41] and no direct structural characterisation was reported in this study. To our knowledge, this synthesis was never reproduced. More recently, the all-silica LTA zeolite was synthesised and characterised by the groups of Corma [42] and Patarin. [43, 44] Because the work reported in the present communication was started before these experimental results where published, the structure we used is an hypothetical structure taken from Ref. [45] . Its unit cell structure (Si 24 O 48 ) is cubic (P m3m symmetry and a = 11.9Å) and contains one supercage and one sodalite cage. It is very similar in both unit cell parameter and atomic positions to the experimental structures reported by Patarin and Corma. When it comes to cationic zeolites with the LTA structure, a large number of materials have been synthesised. Most natural and synthetic zeolites feature sodium as an extraframework cation. We have thus studied two different cationic LTA zeolites, containing 1 and 9 sodium cations respectively. The unit cell formulas are NaSi 23 O 48 Al and Na 9 Si 15 O 48 Al 9 , corresponding to Si:Al ratios of 23 and 1.67 respectively. To make our discussion easier to read, these two materials will hereafter be named Na 1 -LTA and Na 9 -LTA. Na 1 -LTA corresponds to a single aluminium atom and a single Na + cation per unit cell. As all T atoms * in the LTA structure are symmetrically equivalent, there is only one possible framework structure for this material, which is represented in Figure 2 . As there has been no synthesis of a LTA zeolite with this particular Si:Al ratio, we have used the same structure and unit cell parameter as the all-silica LTA zeolite mentioned above.
The choice of Na 9 -LTA for the present study was dictated by our intention to model a zeolite with a high cationic content (low Si:Al ratio) and the constraints of the first-principles approach. This latter arises from the Loewenstein rule, [46] which states that no two aluminium atoms of a zeolite structure should be linked directly by an oxygen atom. This results in highly cationic zeolites having unit cells multiple times larger than the unit cell of the LTA structure, which are then too costly to perform first-principles molecular dynamics simulations. For example, the unit cell parameter of the well-known NaA zeolite (Na 12 Si 12 Al 12 O 48 , Si:Al = 1) is twice that of the pure-silica LTA structure. We thus performed a systematic exploration of all possible distributions of n aluminium atoms among the 24 T atoms of a single LTA unit cell that conform to the Loewenstein rule. These calculations proved that the only values of n compatible with both constraints are in the range 1 ≤ n ≤ 9. They furthermore showed that for n = 9, corresponding to the lowest Si:Al ratio, there are only two possible distributions. These two structures, though not symmetrically equivalent, are very similar (see Figure 1S ). We have thus taken the first one as a starting point for our simulations, along with a unit cell parameter taken from the experimental structure of zeolite NaA (a = 11.26Å). [47] 2.2 Monte Carlo simulations
Models and forcefields.
The development of models and forcefields to describe the interaction of zeolites with various guest molecules is a very active field of research. [48] In this study, the focus is put on the properties of confined water and their evolution with the nature of the zeolite. No chemical change occurs during water condensation in any of the LTA zeolites studied and Monte Carlo simulations were thus performed in the classical limit. We used existing forcefields, previously designed in the group of Fuchs and known to yield good transferability for both all-silica [7, 49] and cationic zeolites. [50] For Na 1 -LTA and Na 9 -LTA systems, an average tetrahedrally bonded (T) atom was used, instead of distinguishing aluminium and silicium atoms. [50] It has been shown that this yields a reasonable description of sodium cation distributions in faujasites. [50, 51] The zeolite framework was considered fixed. Its interaction with extraframework cations and guest molecules included a Coulombic term and a repulsion-dispersion term; the latter was modeled by a Buckingham (or exp-6) potential for the cations [52] and a Lennard-Jones potential [50] for water molecules. A summary of the forcefield parameters (partial charges, Lennard-Jones and Buckingham parameters) can be found in Tables 1 and 2 ). The rigid, nonpolarisable TIP4P model [53] was used for water. Lorentz-Berthelot rules have been used to obtain cross potential parameters.
Grand Canonical Monte Carlo simulations.
Adsorption isotherms were obtained using Grand Canonical Monte Carlo simulations [54, 55] to compute the average number of adsorbed water molecules for several values of the chemical potential. The chemical potential of water was related to the thermodynamic pressure by using the ideal gas law in the vapour phase, and by computing the µ(P ) relation in liquid water as described in Ref. [7] . Preinsertion, [56] orientation [57, 58] and jump [50] bias moves were used to accelerate the convergence of the Monte Carlo simulations.
All Monte Carlo runs were performed at 300 K on a 2×2×2 supercell to minimise the influence of periodic boundary conditions. Typical runs included 10 to 200 million steps to equilibrate the system followed by a production run of 30 to 100 million steps. Longrange electrostatic interactions were taken into account using the Ewald summation technique. In order to improve the efficiency of the calculations, the electrostatic and repulsion-dispersion interaction energies between the rigid zeolite framework and both water molecules and extraframework cations were precomputed on a grid (with a grid mesh of 0.2Å) and stored for use during the simulation.
Grand Potential Computation.
The question of the nature of the transition in adsorption/desorption experiments is often subject to debate. Is this transition a real phase transition, between a gas-like and a liquid-like fluid? Likewise, when hysteresis occurs, its origin also raises several questions. Is it due to a bad sampling of the system or can it be related to the existence of multiple metastable states? In order to bring an answer to these issues, knowledge of the thermodynamic potential of the system is necessary. Such a quantity is not straightforward to obtain and requires the use of sophisticated techniques. Recently, Wang and Landau developed such a technique that is based on the computation of the density of states (DOS) on-the-fly, using biased Monte Carlo simulations. [59, 60] (Once the DOS is known, the calculation of the thermodynamic potential is straightforward.) This method has been used successfully to study a wide range of systems, including Ising models, [59] Lennard-Jones fluids [61] and clusters, [62] or proteins. [62, 63] It has also been revisited in the context of expanded ensembles. [64, 65, 66] In expanded ensembles, substates of the system are defined by the introduction of a new variable often called reaction coordinate ξ. The aim of those EXEDOS (Expanded Ensemble Density Of States) simulations is not to determine the density of states as a function of the energy, like in the original Wang-Landau algorithm, but as a function of the reaction coordinate, in order to compute variations of thermodynamic quantities along ξ. When dealing with adsorption, the thermodynamic potential is the Grand Potential Ω, since simulations are conducted in the Grand Canonical ensemble. We have applied the EXEDOS methodology to compute Ω as a function of the number of adsorbed water molecules in the zeolite framework. To this end, we have computed the density of states of the system as a function of N , noted Q(N ). The probability to generate randomly a configuration with N water molecules is proportional to Q(N ). A flat distribution is thus obtained if each state is visited with probability proportional to 1/Q(N ). The acceptance probabilities of insertion and destruction moves have been modified accordingly (rotations, translations, and jump moves are still accepted according to the conventional Metropolis criteria):
(1)
Λ is the de Broglie wavelength and ∆E is the energy change between the new and the old configuration. Q(N ) is determined iteratively during the simulation. Initially, Q is uniformly set to 1 for the entire range of values accepted for N . Q is then updated at each insertion or destruction trial move between two configurations containing respectively N 1 and N 2 water molecules. If the move is accepted, Q(N 2 ) is multiplied by a factor f (with f > 1) ; if the move is rejected, Q(N 1 ) is multiplied by f . At the same time, a N -histogram H(N ) is accumulated. The simulation is stopped when each bin has been visited at least 100/ √ ln f times, following Zhou and Batt. [67] At this time, the multiplicative factor is decreased, so that f → √ f . The histogram is reset to zero and a new cycle is started, until the histogram is flat again. This process is repeated until f reaches a small enough value. f is set to e 1 for the initial cycle, and 20 cycles are made, so that the last value of f is approximately equal to e For small values of f (typically f < e 10 −4 ), the "minimum visit per bin" criterion may be too restrictive and the simulation is stopped if the total number of MC moves is superior to 200000/ √ ln f , as suggested by Poulain et al. [62] Once Q(N ) has been determined, one is able to calculate Ω for the system, using:
For a given value of the chemical potential µ, the Landau free energy between two states containing respectively N 1 and N 2 molecules is:
This allows to determine Ω L to within an additive constant. However, in our particular case, we can determine this constant, since we know that N = 0 only corresponds to one configuration for any value of µ, so that Ω L (µ, 0) = 0 kJ.mol −1 . Using the µ(P ) relationship for bulk water, we can also present variations of Ω (or Ω L ) as a function of the external pressure of the reservoir.
First-principles simulations
Molecular dynamics.
The molecular dynamics of anhydrous and hydrated zeolite were performed with the Car-Parrinello approach [68] as implemented in the CPMD software package, [69] using the Kohn-Sham formulation of DFT. We employed the gradient-corrected BLYP functional. [70, 71] A plane-wave basis set with an energy cutoff of 70 Ry was used and only the valence electrons were explicitly considered, with semilocal norm-conserving Trouillier-Martins pseudopotentials taking into account the interactions between core and valence electrons. All molecular simulations were performed using periodic boundary conditions on a single cubic unit cell of the zeolite. Hydrogen atoms were deuterated in order to improve decoupling of the dynamics of the ionic and electronic subsystems and allow for a larger time step in the integration of the equations of motion. A timestep of 7 a.u. (0.17 fs) and a fictitious electron mass of 1000 a.u. were used.
Molecular dynamics simulations of the anhydrous zeolite were started from the hypothetical structure for the purely siliceous LTA zeolite available in the literature. [45] For the hydrated zeolites, starting configurations were extracted from the previously performed Grand Canonical Monte Carlo simulations. A first equilibration run of at least 1.2 ps was performed on each system, during which the temperature was controlled to 300 K by a Nosé-Hoover thermostat [72, 73] with a frequency of 3800 cm −1 . Production runs of 5 to 6 ps in the microcanonical NVE ensemble were then performed, from which were extracted all the quantities reported in this article.
Analysis of electronic properties.
The total polarisability M (t) of the periodic unit cell was defined using the Berry phase approach of Resta. [74, 75] The IR absorption coefficient of the system, α(ω), was then computed by calculating the autocorrelation function of the polarisability, within the framework of linear response theory:
where n(ω) is the refractive index. A harmonic quantum-classical correction was then applied to the classical correlation function to account for the quantum aspects of the hydrogen motion, as was shown to be adequate in previous works. [76, 77, 78 ] The resulting infrared spectrum was then smoothed by a linear filter as in Ref. [77, 78] . Dipole moments of individual water molecules were also computed: in order to do so, the electronic wavefunctions are replaced by the maximally localised Wannier functions [79] and the Wannier centers are assigned to each water molecule. [80, 81, 77] The calculation of both the macroscopic polarisability and the Wannier functions was performed every 1.7 fs of the dynamics, for each system.
To characterise the presence of hydrogen bonds and their strength from an electronic point of view, we propose to study atomic polar tensors on hydrogen atoms. These tensors and particularly their strong anisotropy can be shown to be a signature of hydrogen bonding in liquid water. [82] The atomic polar tensor of a given atom n is defined as α
, where i and j can be x, y or z
where M i is the component of the total polarisation of the system along axis i and R n is the position of atom n. In this study, the atomic polar tensors were calculated in the Density Functional Linear Response Theory, [83] using Putrino et al. [84] implementation in the CPMD code [69] of the linear response to an external electric field. The atomic polar tensors of all atoms in a given configuration of the system were computed by three calculations of the linear response of the system to an external electric field, according to the following formula:
where F (n) is the force acting on atom n and E is the external electric field. For each system studied, this analysis was performed on 200 configurations extracted at regular interval from the NVE dynamics.
From the APT tensor we derived an atomic charge, namely the Born charge, as the trace of the APT tensor. To better characterise the APT which is a nonsymmetric 3 × 3 tensor we also determined the singular values of the APT from singular value decomposition. The three singular values (ξ 1 , ξ 2 and ξ 3 ) have the dimension of a charge and their differences characterise the anisotropy of the atomic polar tensor.
3 Results and discussion 3.1 Thermodynamics of water in LTA zeolites 3.1.1 Water adsorption isotherms. Water adsorption isotherms for the three different zeolite models are shown in Figure 3 . For Na 9 -LTA, the isotherm is a typical type I isotherm, according to the IUPAC classification scheme, [85] commonly found in the case of hydrophilic aluminosilicate zeolites. It is characterised by a strong water uptake at low pressure (high value of Henry's constant). In contrast, the isotherm for the all-silica zeolite is typically that of water intrusion into an hydrophobic nanoporous solid: [49, 86] a negligible water uptake is observed up to a pressure of 100 MPa (i.e. much higher than the saturated vapour pressure of 3500 Pa), at which an abrupt condensation transition takes place. Moreover, in that case, a hysteresis is observed: water extrusion takes place at 45 MPa. In the case of Na 1 -LTA, three different stages can be distinguished during water adsorption. At low pressure, 2 to 5 water molecules per unit cell are involved in small clusters around sodium cations, equally distributed in each of the eight unit cells of the simulation box (see Figure 4a) . Around 250 Pa, a first transition occurs that corresponds to the filling of half the unit cells of the simulation box (Figure 4b ). This is accompanied by a redistribution of the cations, so that 4 unit cells are filled with 2 cations and water, whereas the other 4 are almost empty. This is the stable situation until 2500-3000 Pa where a second transition occurs leading to the total filling of all the supercages. This transition is accompanied once again by the displacement of sodium cations so that, in the end, the system is homogeneous with each unit cell filled with water and one cation (Figure 4c ). It is interesting to point out the importance of simulating eight unit cells instead of one, because it would otherwise not have been possible to observe such cationic redistribution and inhomogeneous pore filling.
The change in shape of the adsorption isotherms from all-silica to Na 9 -LTA can be regarded as an evolution from a purely hydrophobic nanoporous solid to a hydrophilic one, the intermediate Na 1 -LTA case being that of a hydrophobic medium containing strong hydrophilic defects. If we ignore the two-step filling mechanism (which is a consequence of the mobility of sodium cations), the adsorption isotherm in Na 1 -LTA is of type IV: adsorption at low pressures followed by a plateau, and a condensation transition occurring below the saturated vapour pressure P 0 . [85] To our knowledge, this is the first time that such a "pure" type-IV isotherm is predicted in a nanoporous solid. In previous works, [39, 87] we observed that the inclusion of a silanol-type defect could result in type-IV isotherm, but the condensation transition occurred above P 0 .
We now discuss the effect of the cations on water density. Values for the three systems are shown in Table 3 . Porous volumes have been computed using an approach similar to that of the calculation of Connoly surfaces, and is described in detail elsewhere. [7, 88] In the case of all-silica and Na 1 -LTA systems, a negligible amount of water molecules is found in sodalite cages. Thus, the porous volume only takes into account supercages. In the case of Na 1 -LTA and Na 9 -LTA, we also compute a porous volume and a density that takes into account the presence of sodium cations (considered as a sphere with a radius being half the σ value of sodium, i.e. 1.29Å). Water in all-silica LTA is strongly depleted with respect to bulk water, as observed earlier in other siliceous zeolites. [7, 88] The presence of only one sodium cation also lowers water density. This is because the presence of one cation is not sufficient to modify strongly water-water interactions (see Section 3.2.1), and because of the volume occupied by the sodium cation. On the other hand, the presence of the nine cations results in a large increase of water density, up to 0.99 g.cm −3 , which is similar to bulk water density. Cations modify water structure in the LTA framework, so that a larger amount of water can be introduced. However, as will be shown in Section 3.2, water structure in Na 9 -LTA is different from the bulk water.
On the nature of the condensation transition.
In order to determine the nature of the condensation transition in all-silica LTA, we have computed the evolution of the grand potential Ω with pressure. Figure 5a shows the profile of Ω L as a function of the water content for various pressures. Below roughly 20 MPa, only one stable state exists, that corresponds to an empty LTA zeolite. When pressure is increased, a filled metastable state appears, that is however less stable than the empty state. Around 70 MPa, the filled configuration becomes the most stable state. The existence of two stable states is characteristic of a firstorder transition between gas-like and liquid-like phases. The conversion between those two states is possible on a wide range of pressure (20 MPa → 190 MPa), as seen in Figure 5 , but the system has to overcome a macroscopic energy barrier. Monte Carlo simulations proceed via microscopic moves. In a finite time MC run, the most stable state may not be reached, and this is why hysteresis can be observed. In the present case, although the equilibrium pressure is approximately 70 MPa, intrusion and extrusion occur respectively at 85 MPa and 40 MPa in the simulations. This is to our knowledge the first time that the Wang-Landau algorithm is used in the context of fluid intrusion in porous solids, and that the existence of a firstorder transition is really demonstrated. We believe that this represents an important progress for the study of adsorption (intrusion) processes, since we are now able to derive thermodynamic quantities that were hardly accessible until now.
3.2 On the hydrogen bonding of water and the zeolite 3.2.1 Structure and orientation dynamics of water.
To study the interaction of water with the zeolite and add a microscopic insight to the thermodynamic vision of water developed in the previous section, we have first studied the structure and orientation of water confined in the all-silica, Na 1 and Na 9 LTA zeolites. The arrangement of water molecules in the α cages of the zeolites is irregular and reveals none of the features exhibited by gas phase water clusters. [89] In order to probe the nature of the hydrogen bond network of confined water, we have studied the orientation of the molecules around neighbouring water molecules and zeolite oxygen atoms. The key quantities for that task are the OO distances and HOO angles (respectively noted d and α in the following, see Figure 6 ), where O and H are atoms from a same water molecule, and O is a neighbouring oxygen atom. Following the common practice, we used a geometric criterion [90] to characterise hydrogen bonds and study quantitatively the evolution of water structure between the different zeolites: we consider the hydroxyl group OH of a water molecule hydrogen bonded to an acceptor atom O if d ≤3.5Å and α ≤ 30°. The limits of the criterion are based on the position of the minima of the 2D distribution function of liquid water orientation. This criterion is widely used in the literature, as well as a few stricter variants imposing an additional restriction on the OH distance. Using this criterion, we have studied the evolution of the number of both water-water and water-zeolite hydrogen bonds when the Si:Al ratio of the zeolite is lowered (see Table 4a ). First, it can can be seen that the number of water-zeolite hydrogen bonds in the all-silica zeolite is fairly small and that the number of water-water hydrogen bonds is still large, while smaller than for same-density bulk water (around 1.6 per water molecule). The confined water in the hydrophobic, all-silica zeolite can thus be seen as a nanodroplet of liquid water with its hydrogen bonds network largely closed onto itself, and a few OH groups oriented towards the zeolite. When we move to cationic zeolites, the number of water-zeolite bonds increases while water-water hydrogen bonds diminish; the net result in the total number of hydrogen bonds per water molecule is a slight increase with acidity. As the acidity of the zeolite framework and the number of cations grow, the droplet of confined water "opens up" and forms more hydrogen bonds with the zeolite, at the expense of the water-water hydrogen bonds framework.
To further understand the interaction between the zeolite and the confined water, the classical Monte Carlo simulations were complemented with first-principles molecular dynamics simulations, in order to provide valuable information on the intermolecular and vibrational dynamics of the system as well as to probe its electronic properties (the details of these Car-Parrinello DFT simulations can be found in Section 2.3). Table 4b shows the number of water-water and water-zeolite hydrogen bonds counted by the same geometric criterion, for all three zeolites studied. Comparison to Table 4a shows a similar evolutions for both classical models and DFT-based simulations. The absolute number of hydrogen bonds counted is, however, larger in the latter case. This is in keeping with observations that Kohn-Sham DFT liquid water described with the BLYP exchange-correlation function is overstructured at ambient conditions. But the use of molecular dynamics simulations also allows us to get a picture of the dynamics of these hydrogen bonds, in the form of the autocorrelation function of the existence of hydrogen bonds. Figure 7 shows this autocorrelation function for water-zeolite hydrogen bonds in all three zeolites. It can be seen that the OHO alignments, counted as hydrogen bonds by the geometric criterion, decay very rapidly in the case of all-silica zeolite and Na 1 -LTA, while the alignments in Na 9 -LTA subside longer. The hydrogen bond lifetime for each zeolite was obtained by an exponential fit of the 0.05 to 1.5 ps region of the autocorrelation function, where they display monoexponential behaviour. The lifetimes of water-zeolite hydrogen bonds, reported on Figure 7 , range from 125 fs to 520 fs and are smaller than the lifetime of water-water hydrogen bonds both in bulk water (1.5 ps, following the same procedure described above) and in confined wa-ter (between 1.3 ps and 1.6 ps depending on the number of cations). The very short lifetime of the "geometric H bonds" in both the all-silica zeolite and Na 1 -LTA is incompatible with the chemist's view of a hydrogen bond. It is thus plausible that what the geometric criterion counts as hydrogen bonds in these cases are occasional, short-lived OH· · ·O zeolite alignments, corresponding to dangling OH groups of the confined water. On the other hand, the lifetime of 520 fs observed in Na 9 -LTA is compatible with weak water-zeolite hydrogen bonds. To characterise these two different situations further, we gain insight from the first-principles dynamics and turn to a electronic characterisation of hydrogen bonds.
Electronic characterisation of hydrogen bonds: the atomic polar tensor.
By using first-principles molecular dynamics, we can clearly depict the electronic properties of the confined water and thus help understanding its interaction with the confining zeolites. This is needed to characterise hydrogen bonds in a way that will go past the limits of simple geometric criteria. To probe the electronic nature of the hydrogen bonds, we studied the anisotropy of the atomic polar tensor of the hydrogen atoms. In the presence of a hydrogen bond, the hydrogen atom involved exhibits a fairly anisotropic atomic polar tensor. This anisotropy can be characterised by the three singular values of the atomic polar tensor (see Section 2.3). For example, in the case of the water dimer shown in Figure 8 , it can be seen that the ellipsoid defined from the singular value decomposition of the APT tensor of the hydrogen atom involved in the hydrogen bonding exhibits a clearly oblong shape, with one singular value much larger than the others and the corresponding singular vector directed along the axis of the hydrogen bond. Physically, the ellipsoid shown in Figure 8 shows the magnitude of dipole moment change upon a small displacement of the hydrogen atoms in the direction of the principal axis. For an hydrogen involved in an H bond, a displacement parallel to the H bond can be seen to lead to a much larger change of dipole moment than for a displacement perpendicular to it. This arises from noticeable charge transfer across the H bond when the hydrogen is moved along the H bond.
We have thus applied this method to study the strength of both water-water and water-zeolite bonds identified by the geometric criterion; Figure 9 shows the average eigenvalues in each case, as well as for bulk water. It can be seen that the strength for water-water hydrogen bonds in the confined water is fairly similar to that of bulk water: the largest singular value, ξ 1 , is close to 1 e. Singular values ξ 2 and ξ 3 , however, are smaller than in the bulk.
The water-zeolite hydrogen bonds, on the other hand, can be seen to be significantly weaker than the water-water bonds. Moreover, we see a gradual increase of ξ 1 when we go from the all-silica LTA ( ξ 1 0.36) to Na 1 -LTA ( ξ 1 0.40) and then Na 9 -LTA ( ξ 1 0, 77). Both findings are consistent with the lifetimes reported above, but quantify the nature and strength of these hydrogen bonds in a different perspective: the difference in lifetime, for example, between water-zeolite bonds in Na 9 -LTA and the bulk water-water hydrogen bond lifetime is markedly more important than the difference in the anisotropy of the atomic polar tensor. The picture they draw for the evolution of water-zeolite interaction with increasing cationic content of the zeolite, however, is the same: while the water confined in the all-silica zeolite can be considered as a droplet forming no hydrogen bonds with the zeolite, but exhibiting a few dangling OH groups, water confined in the same-structure zeolite with a Si:Al ratio of 1.67 forms relatively weak hydrogen bonds with the oxygen atom of the zeolite framework. This difference in the water-zeolite interaction strengthens the explanation of the thermodynamic properties of water condensation in both all-silica and cationic zeolites, as presented in Section 3.1: the hydrophobicity of the internal surface of allsilica zeolites, due to the extreme weakness of the water-zeolite attraction compared to the water-water dispersion energy, leads to intrusion in the liquid phase, while the larger water-zeolite interaction of acidic zeolites leads to adsorption in the gas phase.
The Na 1 -LTA, on account of the thermodynamic, dynamic and electronic results shown here, can be seen as a situation midway between the two cases just discussed. Because of the strong electric field created by the presence of an aluminium atom and a cation in the zeolite, water molecules are strongly attracted in the vicinity of the cation, leading to a first water uptake in the gas phase (less than 500 Pa). However, in spite of this local attraction, the internal surface is still only weakly attractive for water, as confirmed by the study of the nature of the water-zeolite interaction in Na 1 -LTA. This leads to the condensation of water at a pressure close to the saturation vapour pressure.
Infrared spectrum and vibrational spectroscopy of the all-silica zeolite.
To link our simulations to experimentally observable properties, we have also studied the vibrational properties of the all-silica zeolite and the water confined inside its pores. No experimental data is available today on this system, but vibrational spectroscopies have been widely used to investigate the behaviour of water at interfaces. [91, 92] We have calculated the infrared spectrum of both the anhydrous zeolite and the hydrated system. Through the use of the Berry phase approach and maximally localised Wannier functions described in Section 2.3, it was also possible in that latter case to separate the contributions of water and zeolite to the total spectrum. We have first shown that the calculated infrared spectrum of the anhydrous all-silica LTA ( Figure 10 , lower panel) is in reasonable agreement with the experimental data [93] (Figure 10 , upper panel) of the material synthesised by Fyfe et al. [40] The general shape of the spectrum is reproduced, the positions of the absorption bands present relatively large shifts (up to 200 cm −1 ). These are attributed to the fact that the simulation was performed at constant volume, with a unit cell parameter that was not optimised, leading to constraints on the vibrations modes of the zeolite, as well as the dealumination procedure used in Ref. [40] , which is known to yield materials with nonnegligible concentrations of defects. [41] For the hydrated zeolite, we have shown that the presence of water has no significant effect on the infrared spectrum of the zeolite. Moreover, the vibration modes of the zeolite and the confined water are not correlated and the total spectrum of the system matches the sum of the two separate spectra for water and the zeolite, at frequencies higher than 300 cm −1 . [29] We have then focused our study on the OH stretch region of the confined water IR spectrum, shown in Figure 11 . It can be seen that, while the ν OH peak of bulk water is large and structureless, that of water confined in allsilica LTA exhibits a narrower high-frequency peak on top of a larger band. This peak is attributed to dangling OH groups, which are not part of the water hydrogen bonds network and are oriented towards the zeolite. Such a peak has been reported for water near a variety of hydrophobic surfaces [94, 95] and can thus be used as a signature of hydrophobicity. As an example of systems where it has been observed, the lower panel of Figure 11 shows the IR SFG (Sum Frequency Generation) spectrum of water near an H 2 O/CCl 4 interface, from Scatena et al. [95] In the present case of water confined in an all-silica zeolite, we have further confirmed the attribution of this high-frequency ν OH peak to dangling OH groups by studying the correlation between the average stretching frequency of water OH groups and the percentage of simulation time during which they are involved in water-water hydrogen bonds (according to the geometric criterion). Figure 12 shows that there is a clear correlation between these two quantities: OH groups with ν OH ≥ 2250 cm −1 , which compose the high-frequency peak, are markedly less involved in the water-water hydrogen bonds network than the other groups.
Dipole of the confined water
The dipole moment of the water molecules is an important quantity in order to understand the behaviour of confined water and to help assess the quality of the simulation models used. The histogram of the dipole moments of water molecules confined in the α cage of the three zeolites under study are reported in Figure 13 , as well as the distribution obtained for a bulk water simulation including 32 water molecules in a periodic unit cell. It can be seen that the distributions for confined water peak around 2.9 D, which is close to the peak value of bulk water at 3.1 D. The self-polarisation of confined water is thus already quite large in these relatively small nanopores; from the point of view of the dipole moment, the confined water is liquid-like. Moreover, Figure 13 and Table 5 reveal that the dependence of the dipole moment on the acidity of the zeolite is very small. The histograms for the all-silica, Na 1 -LTA and Na 9 -LTA zeolites have the same peak value, and the only statistically significant difference is that zeolites with more cations present a less symmetric distribution, with a more important high-dipole wing, attributed to water molecules in close contact with the cations.
The relatively small influence of the cationic content of the zeolite is somewhat counterintuitive, as the presence of ionic species in close proximity to the water molecules might be expected to polarise the water molecules significantly. Indeed, calculations performed on a system comprised of a single water molecule close the Na + cation in Na 1 -LTA have yielded a water dipole moment of 2.4 D, which represents a large increase (0.6 D) from the gas phase value. These facts lead to the logical conclusion that the dipole moment of the confined water is almost entirely due to the self-polarisation of water, while the influence of both the zeolite and the extraframework cations is faint. Figure 14 presents the histogram of the dipole moments of 15 and 20 water molecules confined in all-silica LTA, which have their maximum at 2.7 D and 2.9 D respectively. This shows that the dependence of the dipole on the water content of the zeolite is more important that the dependence on the number of cations, and that the self-polarisation of water is the main factor determining the dipole in the systems we study here. This conclusion was further strengthened by the analysis of the quadrupole moments of the confined water molecules, presented in Table 5 . The quadrupoles are only weakly affected by the changes in the cationic content of the zeolite while they have a more pronounced dependence on the number of water molecules.
Partial charges from population analysis and their use as forcefield parameters
There are many different ways to calculate charges from electronic structure. We have here investigated the atomic charges of zeolite atoms from four different definitions.
One of our goal was to compare the obtained values from these definitions with charges used in the empirical potentials that were shown to reproduce correct thermodynamics. Two very common methods are the Mulliken population analysis and Hirshfeld population analysis. However, of possible definitions of atomics charges, ESP charges fitted on the electrostatic potential seem the best suited for extracting charges for building an empirical potential. On top of these common atomic charge definitions we have also computed the Born charges obtained as the trace of the APT tensor discussed above. Table 6 shows the resulting charges for atoms of the all-silica zeolite. All these charges give a large spectrum of values. None seem however to agree with the range of empirical charges (−0.6 e to −0.8 e for O) that can correctly describe the hydrophobicity of silicalite-1. [7] We have also checked the dependance of Mulliken charges on the electronic method used. To this end we selected a few snapshots from the first principle molecular dynamics of empty all-silica zeolite and computed Mulliken charges with a gaussian basis set, using the CP2K program [96] † instead of a plane wave basis set. The resulting charges are −0.6 e for oxygen atoms and 1.2 e for silicon atoms, yet again different from other approaches.
Nevertheless, if Mulliken charges are computed for the hydrated all silica zeolite as well, no variation is observed with respect to the empty zeolite. This is consistent with observations made previously in this paper (from the vibrational dynamics analysis for instance) that the coupling between water and the all-silica zeolite is very small. This is also in line with the charges on zeolite atoms independent of filling commonly assumed in empirical forcefields.
Turning now to water, the distribution of Mulliken and Hirshfeld charges are shown in Figure 15 . For these two definitions, a decrease of atomic charges is found from an isolated water molecule to bulk liquid water or confined water. Both Mulliken and Hirshfeld population analysis thus give rise to atomic charges that is in contradiction with the increase of water dipole moment. This may be understood by noting that H bond leads to an increase of electron density in the intermolecular region between O and H. Instead of an increase of molecular polarisation, the Mulliken and Hirsfeld population analysis attribute some of that density to the partner hydrogen of a donating oxygen, leading to a decrease of absolute values of charges arising from this apparent intermolecular charge transfer.
On the contrary, the Born charges (see Figure 16 ) show an increase of atomic charges upon going from an isolated molecule to a confined water molecule and to a bulk water molecule. This increase of Born atomic charges is furthermore in near quantitative agreement with the dipole moment variation: assigning these charges to hydrogen and oxygen atoms, we find dipole moments of 1.4 D, 2.77 D and 3.2 D for an isolated molecule, a confined molecule and a bulk water molecule, respectively. These charges also appear to be in the range of partial charges found in empirical forcefields for liquid water.
From considerations of infrared intensities, [82] it is possible to define an alternative to the Born charge from the APT tensor by
where ξ 1 , ξ 2 and ξ 3 are the singular values of the APT tensor as discussed above and ξ has thus the dimension of a charge. These charges are found to be slightly lower that the Born charges (ξ H = 0.39 e for confined water and 0.54 e for bulk liquid) but show the same trend, with an increase of molecular polarisation from confined to bulk water. APT derived charges and in particular Born charges appear as interesting candidates to define meaningful atomic partial charges, at least for molecular systems. As mentioned before the Born charges of the zeolite atoms appear however too large with respect to the range of charges used in classical forcefields.
Concluding remarks
The use of both classical GCMC and first-principles CPMD simulations has allowed to describe in some details the behaviour of a nanodroplet of water confined in the supercage of LTA zeolites. Each method has its (known) strengths and drawbacks, and provides information in a physical chemistry domain where the other does not. Whenever the same kind of information can be obtained by both techniques, the agreement was found satisfactory. This was the case for instance for the number of hydrogen bonds between water molecules and the framework atoms as well as between water molecules themselves. Work is in progress to get a better insight into the hydrogen bond reorientation dynamics of water in such confined systems. [97] The all-silica version of LTA as well as two model systems with 1 and 9 sodium cations were chosen for this study. From the thermodynamic point of view, we have identified the all-silica LTA zeolite as hydrophobic, and the cationic Na 9 -LTA zeolites as hydrophilic. The condensation transition in the first case was demonstrated to be of first order. The adsorption isotherm in the case Na 1 -LTA and Na 9 -LTA was of Type IV and I respectively. Furthermore, the in-depth analysis of the dynamic and electronic properties of water showed that water in the hydrophobic zeolite behaves as a nanodroplet trying to close its hydrogen bonds onto itself, with a few shortlived dangling OH groups, while water in the hydrophilic zeolites opens up to form weak hydrogen bonds with the oxygen atoms of the framework. We conclude that a thoughtful combination of methods, in which each technique is used for what it was designed for, can provide a nice insight into the physics and chemistry of such a complex interfacial system as water confined in zeolite nanopores. Structure of the Na 1 -LTA zeolite, containing one aluminium atom (in green) and one extraframework Na + cation (in blue). The cation is represented in its most stable cristallographic site, known as Na(3). [47] Right: Structure of Na 9 -LTA zeolite with nine aluminium atoms and 9 Na + cations. Eight cations are in sites Na(1), and one is in a site Na(3). Figure 12 : Correlation between the average stretching frequency (horizontal axis) of a water OH group confined in an all-silica LTA and the percentage of simulation time during which this OH group is involved in water-water hydrogen bonds (vertical axis, red circles) and is oriented towards the zeolite (vertical axis, blue triangles). Figure 16 : Distribution of partial charges of the water oxygen and hydrogen atoms according to the Born population analysis methods. The distributions were computed for water confined in an all-silica LTA (red), for bulk water (black) and for a single gas phase water molecule (green).
